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Virus assemblyof lipid-raft membranes in respiratory syncytial virus infected cells. Cholesterol
depletion studies using methyl-β-cyclodextrin suggested that membrane cholesterol was required for virus
ﬁlament formation, but not inclusion bodies. In addition, virus ﬁlament formation coincided with elevated 3-
hydroxy-3-methylglutaryl-coenzyme A reductase expression, suggesting an increase in requirement for
endogenous cholesterol synthesis during virus assembly. Lipid raft membranes were examined by mass
spectrometry, which suggested that virus infection induced subtle changes in the lipid composition of these
membrane structures. This analysis revealed increased levels of raft-associated phosphatidylinositol (PI) and
phosphorylated PI during RSV infection, which correlated with the appearance of phosphatidylinositol 4,5-
bisphosphate and phosphatidylinositol 3,4,5-triphosphate (PIP3) within virus inclusion bodies, and inhibiting
the synthesis of PIP3 impaired the formation of progeny virus. Collectively, our analysis suggests that RSV
infection induces speciﬁc changes in the composition of raft-associated lipids, and that these changes play an
important role in virus maturation.
© 2008 Elsevier Inc. All rights reserved.Introduction
Respiratory syncytial virus (RSV) is the major cause of severe lower
respiratory tract disease in several high-risk groups, which include
young children, the elderly and immunocompromised adults. The
mature and infectious virus particle comprise a ribonucleoprotein
(RNP) core that is formed by the interaction of the viral genomic RNA
(vRNA) with the nucleocapsid (N) protein, the phosphoprotein(P)
protein, the large (L) protein, and the M2-1 protein. The RNP is
surrounded by the matrix (M) protein, and a lipid envelope derived
from the host cell. Three virus-encoded glycoproteins, the attachment
(G), fusion (F) and small hydrophobic (SH) proteins are embedded
within the virus envelope. During the replication cycle the virus
remains almost exclusively cell-associated and two distinct structures
are formed that can be visualised by light microscopy, called virus
ﬁlaments and inclusion bodies. The virus ﬁlaments form on the
surface of infected cells and are sites at the cell surfacewhere the virus
structural proteins interact to form mature virus particles i.e. sites of
virus assembly. The inclusion bodies are the sites in the cell where thel rights reserved.virus polymerase-associated proteins accumulate, which include the
M2-1, N, P and L proteins (Garcia et al., 1993; Carromeu et al., 2007).
Furthermore, recent studies employing live cell imaging have
identiﬁed virus-speciﬁc RNA within inclusion bodies (Santangelo et
al., 2006), suggesting that inclusion bodies may be accumulations of
pre-assembled virus RNPs prior to packaging into the progeny virus.
Although the basic structural organisation of the mature RSV particle
is well characterised (Norrby et al., 1970; Bachi and Howe, 1973; Parry
et al., 1979; Roberts et al., 1995; Arslanagic et al., 1996; Brown et al.,
2002a), the virus assembly process is still relatively poorly under-
stood. Experimental evidence has suggested that specialised mem-
brane microdomains called lipid rafts (Brown et al., 2002a, 2002b;
Jeffree et al., 2003; McCurdy and Graham, 2003; Brown et al., 2004;
Gower et al., 2005), together with elements of the cytoskeleton (Ulloa
et al., 1998; Burke et al., 1998; Bitko et al., 2003; Kallewaard et al.,
2005; Santangelo and Bao, 2007; Jeffree et al., 2007), play important
roles during RSV morphogenesis.
Lipid raft membranes are characterised by an enrichment of
speciﬁc lipid classes, which include cholesterol, sphingomyelin (SM)
and gangliosides (Simons and Ikonen, 1997). Cholesterol exists in two
different states, as free-cholesterol and cholesterol-ester, the latter
being complexed with protein in the form of small lipoprotein
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cholesterol is located within cell membranes, cholesterol-ester is
normally enriched within other cellular structures that are involved in
the storage of cholesterol, for example lipid droplets. Cholesterol-ester
can be hydrolysed to produce free-cholesterol, and there is continuous
cycling between these different forms during cholesterol homeostasis
in the cell (Maxﬁeld and Tabas, 2005).
Free-cholesterol interacts with several lipids, including SM, and
these interactions have important consequence in the formation of
lipid rafts. In lipid membranes SMmolecules interact to form a closely
packed stable structure with a melting temperature that is signiﬁ-
cantly higher than physiological temperature. The interaction with
cholesterol produces a more ﬂuid structure, resulting in the formation
of a liquid ordered (Lo) membrane structure, which contrasts with the
less ordered liquid crystalline (Lc) membrane structure. The Lo and Lc
structures coexist in the same membrane plane, forming the
structural basis for the lipid raft hypothesis (Simons and Ikonen,
1997). Although cholesterol and SM impart important biophysical
properties to lipid raft membrane, these membranes also contain
signiﬁcant levels of other phospholipids, which include phosphati-
dyinositol (PI), phosphatidycholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), and ceramide (Cer). Some of these
lipids have been implicated in a variety of raft-associated cell
signalling events. For example, PI can be phosphorylated by
phosphatidylinositol-4-phosphate 5-kinase type 1 (PIPK1) to produce
phosphatidyinositol 4,5-bisphosphate (PIP2), which is then phos-
phorylated by phosphatidylinositide-3-kinase (PI3K) to produce
phosphatidylinositol 3,4,5-triphosphate (PIP3). These modiﬁed phos-
pholipids have important regulatory functions in the cell (Hawkins et
al., 2006), and PIP3 plays a role, both in the host response to RSV
infection, and during RSV maturation (Thomas et al., 2002; Bitko et
al., 2007; Jeffree et al., 2007). Although lipid composition is an
important factor in the formation of lipid rafts, this aspect has been
largely ignored, and is the main focus of this study. Our data suggest
that RSV infection induces speciﬁc changes in the lipid proﬁle of these
membrane structures, and that these changes may play a role in the
formation of progeny virus.
Results and discussion
Cholesterol is required for the formation of virus ﬁlaments
The involvement of lipid raft microdomains in RSV morphogen-
esis suggests an important role for cholesterol in this process. We
therefore examined the importance of cholesterol in virus morpho-
genesis using methyl-β-cyclodextrin (MβCD), which removes cho-
lesterol from lipid membranes and disrupts the integrity of lipid raft
membranes. This drug is often used to demonstrate the raft-
association of speciﬁc cellular and virus proteins, and we examined
its effect on the formation of virus ﬁlaments and inclusion bodies.
RSV-infected cells were exposed to 10 mM MβCD between 5 and 6 h
post-infection (hpi), after which the drug was removed and the
infection was allowed to continue. At 18 hpi the cells were ﬁxed,
labelled using anti-RSV and phalloidin-FITC, and examined by
confocal microscopy (Fig. 1A). Images were obtained at focal planes
that allowed visualisation of the virus inclusion bodies and virus
ﬁlaments, together with the F-actin network. As expected, in the
non-treated cells stained with anti-RSV, numerous virus ﬁlaments
were visible, whereas in MβCD-treated cells the level of surface
labelling was drastically reduced, and the virus ﬁlaments were not
readily visible. Although MβCD-treatment resulted in a signiﬁcant
reduction of detectable RSV protein labelling on the surface of
infected cells, drug treatment had no effect on the formation of the
inclusion bodies. Similarly, in non-treated cells labelled with MAb19
(anti-F) and anti-N, the inclusion bodies (labelled with anti-N) and
virus ﬁlaments (labelled with anti-N and MAb19) were visible, and asexpected these antibodies exhibited signiﬁcant levels of co-localisa-
tion in the virus ﬁlaments (Fig 1B). In contrast, although the inclusion
bodies were clearly visible in cells treated with MβCD, no evidence
for signiﬁcant levels of virus ﬁlament formation was observed,
although some surface staining of the F protein was apparent. It
therefore appeared that MβCD did not exert an inhibitory effect on
virus gene expression, since inclusion body formation was not
impaired, but suggested that transport of virus proteins to the sites of
virus assembly requires the presence of cholesterol-enriched mem-
branes. This supported the notion that lipid raft microdomains
stabilised by cholesterol are a prerequisite for the formation of virus
ﬁlaments. These observations are consistent with previous reports
suggesting that MβCD treatment resulted in the Triton X-100
solubilisation of the RSV structural proteins (McCurdy and Graham,
2003), and a corresponding reduction in virus infectivity in the
presence of drugs that inhibit cholesterol biosynthesis (Gower et al.,
2001; Gower and Graham, 2001).
Several publications have suggested an association between the F-
actin network and cholesterol. Given the importance of F-actin during
virus assembly (Kallewaard et al., 2005; Santangelo and Bao, 2007;
Jeffree et al., 2007), we examined the effect of MβCD-treatment on F-
actin in infected cells using the actin probe phalloidin, to determine if
the drug treatment caused de-stabilisation of the F-actin. Non-treated
and MβCD-treated virus-infected cells were stained using phalloidin-
FITC and examined at several different focal planes (Fig. 1A). This
showed that the phalloidin-FITC staining pattern was similar in each
case, suggesting that under our experimental conditions MβCD
treatment did not result in a destabilisation of the F-actin structures.
Although this did not rule out the possibility that cholesterol
depletion may have an indirect effect on actin and actin-associated
proteins (e.g. modulating a signalling pathway), it does suggest that
the impairment of virus ﬁlaments formation was not due to major
structural alterations in the actin structure.
To conﬁrm that the MβCD treatment was effective in reducing the
levels of free-cholesterol, the distribution of free-cholesterol was
examined using the cholesterol speciﬁc probe ﬁlipin (Fig. 2). This
analysis showed similar levels of ﬁlipin staining in mock- and virus-
infected cells, suggesting that virus infection did not appear to change
the steady-state levels of free-cholesterol in the cell (Fig 2, plates A
and B). However, we did notice a subtle change in the ﬁlipin staining
pattern in virus-infected cells that was discernible as a more
pronounced perinuclear-staining pattern. We noted that MβCD-
treatment of virus-infected cells under the conditions described
above resulted in a signiﬁcant reduction in the levels of ﬁlipin staining
(Fig 2, plates C and D), suggesting that cholesterol depletion of the
cells had occurred. There was a residual ﬁlipin staining pattern in
drug-treated cells that may reﬂect regions of cholesterol biosynthesis
in the cell.
The distribution of cholesterol in infected cells was examined in
more detail by labelling ﬁlipin stained cells with anti-RSV (Fig. 1C). As
expected, ﬁlipin exhibited a perinuclear staining pattern, which is
consistent with that reported by several groups (e.g. Mukherjee et al.,
1998). Examination of ﬁlipin stained cells labelled with anti-RSV
revealed the presence of numerous inclusion bodies, many of which
were also stained with ﬁlipin, suggesting the presence of free-
cholesterol in these virus structures. This is consistent with our
previous observations that suggested inclusion bodies appear to form
in close proximity to lipid raft membranes, and that they also contain
neutral lipids and triglycerides (Brown et al., 2005). Statistical analysis
of the merged image gave good correlation coefﬁcient values,
suggesting a high level of co-localisation of both ﬂuorescence probes
(Fig. 1D). Although ﬁlipin is a useful probe for measuring intracellular
distributions of cholesterol, it undergoes rapid bleaching upon
exposure to ultra violet-light, which limits its use in more detailed
microscopic analyses of cholesterol distribution in infected cells (e.g.
Z-stack projections).
Fig. 1.Membrane cholesterol is required for the formation of virus ﬁlaments. HEp 2 cells were infected with RSV and at 5 hpi the cells were either untreated (−MβCD) or treated with
10 mMmethyl-β-cyclodextrin for 1 h (+MβCD). The infection was then allowed to proceed for 18 h after which the cells were ﬁxed and processed for confocal microscopy. (A) Cells
were stained using anti-RSV (red) and phalloidin-FITC (green) and examined by confocal microscopy. Images shown are taken at several optical planes that traverse (i) the bottom of
the cell to (iii) the top of the cell. The inclusion bodies (IB), virus ﬁlaments (VF) and actin network (F-actin) are highlighted. (B) Untreated (-MβCD) or methyl-β-cyclodextrin-treated
(+MβCD) infected cells were labelled using anti-N (red) and MAb19 (green) and viewed by confocal microscopy. (C) The association of free-cholesterol with RSV. Infected cells were
labelled with anti-RSV and the cells stained using ﬁlipin. The inclusion bodies are highlighted (IB). Inset: An enlarged view of an individual inclusion body (IB1) showing the antibody
and ﬁlipin-staining pattern. (D) Statistical analysis of the colocalisation between anti-RSV and ﬁlipin in a single representative inclusion body. In this analysis, the calculation is based
on the pixels that are present with the areamarked out by the green circle (i.e. the inclusion body). The scattergram shows that there are a large number of the pixels (area 3) showing
colocalisation, giving a correlation coefﬁcient=0.82 and an overlap coefﬁcient=0.9.
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Fig. 2. Examination of free-cholesterol in mock- and virus-infected cells. (Plates A and B) Mock- and virus-infected cells were stained with ﬁlipin and examined using confocal
microscopy. A subtle change in the ﬁlipin staining pattern that results in a more pronounced perinuclear staining pattern in infected cells is highlighted (white arrow) (mag ×40).
(Plates C and D) The effect of Methyl-β-cyclodextrin (MβCD) on ﬁlipin staining in virus infected cells. Cells were either non-treated (−MβCD) or treated with 10 mMMβCD (+MβCD)
and stained with ﬁlipin as described in Materials and methods. The cells were viewed at ×64 using a confocal microscope. The residual staining pattern following drug treatment is
highlighted (⁎). (mag ×64).
171D.S.-Y. Yeo et al. / Virology 386 (2009) 168–182Since the presence of membrane cholesterol is required for RSV
morphogenesis, we examined the effect of virus infection on
endogenous cholesterol metabolism in the infected cell. HEp-2 cells
were infected with RSV, and the formation of the virus ﬁlaments and
inclusion bodies followed over the time course of a single cycle of
infection. At between 4 and 15 hpi the cells were ﬁxed, labelled with
either MAb19 or anti-RSV, and the virus ﬁlaments and inclusion
bodies visualised by ﬂuorescence microscopy (Fig. 3). This is sufﬁcient
time to allow formation of progeny virus, but is prior to the cell
damage that occurs later in the replication cycle (e.g. following
syncytia formation) that could cause indirect changes in the host cell
expression proﬁle. The inclusion bodies were visible by approximately
8 hpi, increasing in size as the infection progressed. The F protein
staining started to appear by 8 hpi, and we could discern the
formation of virus ﬁlaments at between 12 and 15 hpi. Total mRNA
was harvested from mock- and virus-infected cells at these time
points, and the effect of virus infection on the host cell transcriptome
was examined using the Affymetrix HG-U133 Plus 2.0 microarray
system. Although this allowed the expression levels of 38,000
individual cellular genes to be analysed simultaneously within a
single experiment, our data suggested that only a small proportion of
all the host-cell genes were affected by the presence of the virus. This
ranged from 0.7% of the arrayed genes at 4 hpi to approximately 3% of
these genes by 15 hpi (Table 1). In addition, we noted that many of the
changes in host-cell transcriptome occurred in genes expressing
proteins that are involved in the innate immune response, cytoske-
leton-associated and lipid metabolism, which is consistent with a
recent analysis in RSV-infected A549 cells (Martínez et al., 2007).
However, a detailed examination of the microarray analysis suggestedthat several genes that express enzymes involved in the endogenous
cholesterol biosynthetic pathway showed statistically signiﬁcant
increases in their expression levels (Table 2A). In particular, an
increase in the expression level of the gene encoding 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR) was observed after
8 hpi. This was conﬁrmed by examining the cell lysates using
quantitative PCR (qPCR), which showed an approximate 4-fold
increase in the levels of HMGCR mRNA at 15 hpi (Table 2B). The
enzyme HMGCR is an important rate limiting step in the formation of
endogenous cholesterol, and the HMGCR expression levels are
regulated by the level of free-cholesterol in the cell, with high free-
cholesterol levels inhibiting HMGCR gene transcription (Brown et al.,
1973; Osborne et al., 1987). Therefore, a comparison of the HMGCR
mRNA levels inmock and virus-infected cells is an indirect indicator of
both the relative levels of free-cholesterol, and the endogenous
cholesterol biosynthesis. We also noted signiﬁcant increases in the
expression levels of the gene encoding low density lipoprotein
receptor (LDLR), which stated at 8 hpi, increasing to 5-fold by
15 hpi. LDLR is established as playing an important role in cholesterol
homeostasis, allowing the uptake of storage cholesterol in response to
low levels of free-cholesterol in the cell, which is subsequently
converted into free-cholesterol. The LDLR expression level is increased
in response to low levels of free-cholesterol in the cell (Brown and
Goldstein, 1979). Therefore, the observed increases in transcriptional
activity of the HMGCR and LDLR genes suggest a decrease in the levels
of free-cholesterol in the cell, and an increased requirement for free-
cholesterol during virus infection. These changes in gene expression
coincide with the formation of virus ﬁlaments, suggesting that they
may be related to the formation of progeny virus. The importance of
Fig. 3. The formation of virus structures coincides with speciﬁc changes in the host-gene expression proﬁle. HEp 2 cells were infected with RSV and at the times indicated, the cells
were ﬁxed, stained using anti-RSV or anti-F, and examined by confocal microscopy. The inclusion bodies (IB) and virus ﬁlaments (VF) are highlighted. The early formation of inclusion
bodies (⁎) and F protein staining (⁎⁎) are highlighted.
172 D.S.-Y. Yeo et al. / Virology 386 (2009) 168–182HMGCR during RSV replication is supported by previous reports
showing that lovostatin, an inhibitor of HMGCR, is able to prevent RSV
infection (Gower and Graham, 2001).
Lipidomic analysis of lipid-raft membranes during virus infection
Since lipid composition is an essential factor in the formation of
lipid raft microdomains; we examined these cellular structures in
more detail. Cell membranes were isolated either frommock-infected
cells or virus-infected cells at 15 hpi by dounce-homogenisation as
described in Materials and methods (referred to as the TM prepara-
tion). These were then used to prepare lipid raft membranes byTable 1
HEp 2 cells were infected with RSV and at the times indicated, the cells were harvested
and the host-gene expression proﬁle examined by microarray analysis as described in
Materials and methods
Time (hpi) Up Up (old) Up (new) Down Down (old) Down (new)
4 330 38
8 545 230 315 183 10 173
12 636 427 209 527 147 380
15 767 570 197 866 455 411
The number of gene probe sets that are up- or down-regulated at time-points 4, 8, 12,
15 hpi with respect to mock-infected samples are shown. Probe sets that are ‘newly’ up
(up new) or down-regulated (down new) as compared to the previous time point are
also indicated. Signiﬁcantly changing genes that have been ﬁltered by their p-value
(b0.05) and a fold change of greater than +2 or less than −2 are shown.detergent extraction and preparative ﬂoatation gradients (referred to
as the LR preparation) as described in Materials and methods. In each
case the LR preparation was examined for the presence of the raft-
associated protein caveolin-1 (cav-1) and non-raft-associated protein
transferrin receptor (tfr) by western blotting. (Fig. 4A) as described
previously (Brown et al., 2004). This revealed a protein band
corresponding in size to cav-1, while no protein species corresponding
in size to tfr was detected, which conﬁrmed the presence of raft-
membranes in the LR fractions. In addition, the LR preparations were
examined using transmission electron microscopy since changes in
the composition of cellular membranes can be manifested by changes
in their physical appearance, for example during the formation of
cubic membranes (Almsherqi et al., 2006). This analysis revealed the
presence of smooth membrane vesicles that were similar in
appearance, suggesting that virus infection did not produce any
obvious change in their membrane morphology (Fig. 4B). The lipid
composition of the TM and LR preparations were characterised in
more detail using electrospray ionisation mass spectroscopy (ESI-MS).
This is a very sensitive technique that allowed us to both identify and
quantify the different lipid classes in these different membrane
preparations. An example of a typical spectrograph showing the
presence of several lipid species detected in the lipid raft preparations
is shown (Fig. 5).
In our initial analysis we examined the cholesterol levels in these
membrane preparations using HPLC coupled to ESI-MS (Table 3), a
technique that can distinguish cholesterol-ester and free-cholesterol.
Table 2
Temporal changes in the expression of genes involved in cholesterol metabolism occur during RSV infection
GenBank accession Affymetrix probe set Gene symbol Gene description 4 hpi 8 hpi 12 hpi 15 hpi
NM_000859 202539_s_at HMGCR 3-hydroxy-3-methylglutaryl-Coenzyme A reductase NC NC 2.40 (0.007) 3.00 (0.01)
202540_s_at HMGCR 3-hydroxy-3-methylglutaryl-Coenzyme A reductase NC NC 2.50 (0.005) 3.20 (0.009)
NM_001360 201790_s_at DHCR7 7-dehydrocholesterol reductase NC NC NC 2.5 (0.005)
201791_s_at DHCR7 7-dehydrocholesterol reductase NC NC NC 2.5 (0.015)
NM_004508 208881_x_at IDI1 Isopentenyl-diphosphate delta isomerase 1 NC NC 3.7 (0.026) 4.8 (0.015)
BC005247 204615_x_at IDI1 Isopentenyl-diphosphate delta isomerase 1 NC NC 3.7 (0.033) 4.5 (0.015)
AV704962 209146_at SC4MOL Sterol-C4-methyl oxidase-like NC NC 3.1 (0.014 4.4 (0.006)
209146_at SC4MOL Sterol-C4-methyl oxidase-like NC NC 6.3 (0.025 5.8 (0.012)
BC003573 208647_at FDFT1 Farnesyl-diphosphate farnesyltransferase 1 NC NC NC 2.1 (0.027)
210950_s_at FDFT1 Farnesyl-diphosphate farnesyltransferase 1 NC NC NC 2.8 (0.004)
S70123 217173_s_at LDLR Low density lipoprotein receptor NC 3.5 (0.022) 3.7 (0.022) 5.0 (0.025)
NM_000527 202068_s_at LDLR Low density lipoprotein receptor NC 3.1 (0.058) 3.9 (0.014) 5.0 (0.019)
202067_s_at LDLR Low density lipoprotein receptor NC 3.2 (0.007) 4.8 (0.006) 5.9 (0.003)
AF028785 211580_s_at PIK3R3 Phosphoinositide-3-kinase, regulatory subunit 3 NC 2.4 (0.022) 2.3 (0.002) 2.3 (0.017)
Gene Gene symbol I/M
Phosphoinositide-3-kinase, catalytic, delta polypeptide PIK3CD 2.7±0.7
Phosphoinositide-3-kinase, regulatory subunit 3 PIK3R3 2.8±0.2
Phosphatidylinositol-4-phosphate 5-kinase, type I, alpha PIP5K1A 1.6±0.2
3-hydroxy-3-methylglutaryl-Coenzyme A reductase HMGCR 3.8±0.6
a Shows the fold-changes in expression levels of several genes at time-points of 4, 8, 12, and 15 hpi with respect to mock-infected, as determined by microarray analysis. The GeneBank
accession number and affymetrix probe set are shown for these genes, together with the fold change and p-value (in brackets). Multiple probe sets showed statistically signiﬁcant fold-
changes for several genes e.g. HMGCR (202539_s_at, 202540_s_at). NC=no signiﬁcant change.
b Veriﬁcation of gene expression changes revealed in the microarray analysis by qPCR. The fold change of 4 genes — PIK3CD, PIK3R3, PIP5K1A and HMGCR at 15 hpi (I) with respect
to mock-infected (M) are shown. The results are presented as the ratio (I/M). The assays were performed in duplicates, normalized to the housekeeping gene GADPH.
Fig. 4. Examination of the lipid raft preparations. The LR preparations were (A)
examined by western blotting to detect the presence of cav-1 (raft-marker) and tfr
(non-raft marker) and (B) visualised by transmission electron microscopy (TEM). Lipid
raft membranes were isolated from either mock- or virus-infected cells, and then
examined by TEM as described in Materials and methods. Bar=300nm.
(A) Shows the fold-changes in expression levels of several genes at time-points of 4, 8,12, and 15 hpi with respect to ock-infected, as ter i e i r rr l i .
i r ff tri r t r f r t , t t r it t f l - l (i r t ). lti l r t t ti ti ll i i t f l -
f r r l . . ( t, t). i i t .
(B) Veriﬁcation of gen expression changes revealed in the microarray analy is by qPCR. The fold change of 4 genes— PIK3CD, PIK3R3, PIP5K1A and t i (I) it r t
t -i f t ( ) r . r lt r r t t r ti (I/ ). r rf r i li t , r li t t i .
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increased sensitivity of over the standard indirect enzymatic assays
that are generally used for measuring cholesterol in biological
specimens (e.g. blood). Therefore, small but signiﬁcant changes in
the cholesterol levels can be detected in different biological speci-
mens. Our results showed that similar levels of both free-cholesterol
and cholesterol-ester were present in the TM preparations isolated
frommock- and virus-infected cells (Table 3A). However, examination
of the LR preparation following virus infection showed that whereas
the cholesterol-ester levels remained unchanged, a 25–30% reduction
in the free-cholesterol was observed (Table 3B). Since the levels of
free-cholesterol in the TM preparation remained unchanged following
virus infection, this suggested a transfer of free-cholesterol into non-
raft membranes occurred during virus infection. It should be
emphasised that this reduction in raft-associated cholesterol is
distinct from the membrane depletion of cholesterol caused by
MβCD-treatment, which can remove up to 70% of the cholesterol from
the cell (Keller and Simons, 1998). The increased levels of HMGCR and
LDLR gene expression following virus infection correlated with the
reduction in free-cholesterol levels in the lipid-raft membranes, and
the observed changes in gene expression proﬁle may be in response to
a decrease in the levels of raft-associated free-cholesterol.
We also measured the levels of other neutral lipids (e.g.
monoacylyglycerol, diacylglycerol and triacylglycerol (TAG) in these
membrane samples, which showed signiﬁcant increases in the levels
of TAG in both the TM and LR preparations following virus infection
(Table 3). Although cholesterol-ester and TAG are normally enriched in
lipid droplets, several reports have also indicated these lipids are
present within lipid raft membrane preparations (Wright et al., 2003;
Storey et al., 2007). Adipose differentiation-related protein (ADRP) is a
major structural protein found in lipid droplets (Brasaemle et al.,
1997), and the failure to detect raft-associated ADRP in these previous
studies suggested the absence of lipid-droplet contamination. These
observations were interpreted in relation to cholesterol transport
between storage cholesterol and lipid raft membranes. We have also
failed to detect the presence of ADRP in our lipid raft preparations
(Pitt, MacDonald and Sugrue, unpublished observations), suggesting
that the presence of these neutral lipids is not due to contaminating
lipid droplet components.Since lipid rafts play a role in RSV maturation, the reduction in the
level of the raft-associated free-cholesterol following virus infection
was not expected. Although the formation of infectious virus particles
requires membrane cholesterol (e.g. Imhoff et al., 2007), high
membrane cholesterol levels can also impede the budding process.
Recent studies on Newcastle Disease Virus (NDV) and Inﬂuenza virus
have demonstrated that cholesterol depletion leads to enhanced virus
release from infected cells, although the released virus exhibited a
reduced infectivity (Laliberte et al., 2006; Barman and Nayak, 2007).
Therefore, in some virus systems a balance in the cholesterol level
within lipid rafts may be required to allow both efﬁcient virus release,
and the production of infectious virus particles. However, RSV remains
largely cell associated, and by analogy with NDV and inﬂuenza virus,
cholesterol depletion would be expected to increase virus ﬁlament
formation, which is contrary to what is observed. This suggests that
cholesterol depletion does not facilitate RSV budding as has been
described previously for other virus systems (e.g. NDV).
Fig. 5. Representative ESI-MS (negative mode, 700–900 m/z values) mass spectra are
shown for lipid mixtures obtained from lipid-raft preparations isolated from mock-
infected (top panel, Mock LR) or virus-infected (bottompanel, RSV LR). Themass spectra
levels were normalized to the most abundant peaks shown in the m/z range. Prominent
peaks in the spectra were analyzed via MS/MS and labelled accordingly. Peaks such as
716, 744 and 794 m/z contained both PC and PE molecules. The ﬁgure shows that the
lipid-raft membranes isolated from infected cells are enriched in certain lipids, such as
PI lipids 835 and 863 m/z.
Table 3
The effect of RSV infection on the neutral lipid composition in (A) the TM and B the LR
preparations
Lipid class Mock-infected RSV-infected
A
Free-Cholesterol 0.0077±0.0000 0.0071±0.0005
Cholesterol-ester 0.0328±0.0008 0.0285±0.0012
Triacylglycerol 0.1817±0.0082 0.2113±0.0058
B
Free-Cholesterol 0.0094±0.0009 0.0065±0.0008
Cholesterol-ester 0.0109±0.0011 0.0098±0.0007
Triacylglycerol 0.1536±0.0087 0.2544±0.0375
The lipid levels are measured using Q3 detection after HPLC separation as described in
the Materials and methods section. The values represent only relative levels that were
calculated by normalizing the individual lipid classes to the total sample lipid intensity
measured. The standard deviations were the result of n≥3 experiments.
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content of the lipid raft membranes can also cause profound changes in
cell physiology. Changes in raft-associated signalling pathways have
been reported following cholesterol depletion (Zhuang et al., 2005; Jury
et al., 2006; Brusselmans et al., 2007; Arcaro et al., 2007; Van der Luit
et al., 2007), and relatively small reductions in the cholesterol levels can
lead to changes in the host cell physiology. For example, an approximate
20% reduction in cholesterol levels can cause modiﬁed cortical actin
network dynamics by inhibiting Cdc42 activation (Chadda et al., 2007).
Although free-cholesterol is required for RSV assembly, a small
reduction during virus infection could in principle modify one or
more signalling pathways that play a role in the virus replication cycle
e.g. by remodelling the F-actin network during virus morphogenesis.
Although cholesterol plays an important role in the formation of
lipid rafts, several important phospholipid classes are also present in
these structures, including SM, PC, PI, PE and PS. Many of these
phospholipids can be chemically modiﬁed by the cell to further
increase lipid diversity, for example ether-phosphatidylcholine (ePC),
plasmalogen-phosphatidylethanolamine (pPE) and phosphorylated-
PI. Although many of these lipids may not play a direct role in the
formation of lipid raft membrane structures, they do play regulatory
roles in the cell e.g. in signalling networks and membrane dynamics
(Wenk, 2005). We therefore used ESI-MS to examine the phospholipid
composition of the TM and LR preparations isolated from mock- and
virus-infected cells.
Examination of the TM preparation isolated from mock and
virus-infected cells showed that in each case, PC and PS represented
the most abundant and least abundant phospholipid respectively
(Fig. 6A). Although a signiﬁcant increase in the PI levels was
observed following virus infection, there appeared to be no similar
changes in the levels of the other phospholipids detected. Examina-
tion of the LR preparations showed that SM was the most abundant
sphingolipid, with slightly lower levels of phospholipids PC and pPE(Fig 6B). No signiﬁcant change in the levels of PS or SM was
observed in the LR preparations following virus infection. However,
we noted signiﬁcant increases in the relative levels of raft-associated
PI, PE and pPE, together with a corresponding reduction in the levels
of PC and ePC. A comparison of the TM and LR preparations
suggested that the observed changes in the LR preparations
(increased PE and pPE and decreased PC and ePC) was not due to
global changes in the cellular levels of these lipids, but may reﬂect
localised changes in lipid raft membrane structure e.g. transport of
these different lipid classes between the lipid raft microdomains and
the surrounding non-raft membranes. In contrast to all the other
lipids detected, we observed increased levels of PI in both the TM
and LR preparations following virus infection, which presumably
reﬂects an increase in PI synthesis. The increased PI levels in the LR
preparations following virus infection correlated with increased
levels of mono- and di-phosphorylated PI (PIP and PIP2) (Fig 6C).
However, although this analysis suggested increased levels of
phosphorylated-PI in the LR preparation following virus infection,
the sensitivity of the current conﬁguration did not allow us to
distinguish between the different phosphatidylinositol bisphosphate
isomers (i.e. 3,4- or 4,5-linked), or allow the detection of PIP3.
While our analysis indicated that the SM levels remain
unchanged following virus infection, the levels of free-cholesterol
and PC showed corresponding decreases. The interaction between
cholesterol, SM and PC is a key factor in the formation of lipid-rafts
in a planar membrane, and these changes could in principle lead to
changes in membrane ﬂuidity. Furthermore, we observed signiﬁcant
changes in plasmalogen modiﬁed phospholipids in the LR prepara-
tion following virus infection. The role that plasmalogens play in the
formation of lipid membranes is still poorly understood (Gorgas et
al., 2006), but a role for these lipids in membrane ﬂuidity and
cholesterol trafﬁcking to the ER have been proposed (Hermetter et
al., 1989; Munn et al., 2003). Although the functional signiﬁcance of
the virus-induced changes in free-cholesterol and phospholipids
levels in the LR preparation is currently uncertain, the available
literature suggests that these changes are likely to have a signiﬁcant
effect on the biophysical properties of these membrane structures
during virus infection.
The structural properties of the lipids detected in each membrane
preparation were further examined and compared (Table 4). This
showed that a larger proportion of the lipids recovered from the TM
membrane preparationwere present as either di-unsaturated or poly-
unsaturated forms, whereas a larger proportion of the lipids present in
the LR membrane preparation were either mono-saturated or
saturated. In addition, we noted more lipids in the raft-fractions
contained shorter fatty acyl chains compared to that in the whole cell
membrane preparation. However, no signiﬁcant change in either the
degree of saturation, or in acyl chain length, was observed in these
preparations following virus infection.
Fig. 6. Effect of RSV infection on the lipid composition of the (A) TM and (B, C) LR preparations. Infected fractions are represented by black bars (■) while mock infected fractions are
represented by open bars (□). The various lipid classes (x-axis) shown in the graph are the sum of individual lipid species in mole percentages (y-axis). These lipids were quantiﬁed
via mass spectrometry using multiple reaction monitoring and the relevant internal standards. The error bars represents the standard deviation of n≥3 experiments.
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Although PIP2 accounts for approximately 1% of the total
phospholipids in the plasma membrane, it has been implicated in
the regulation of an array of cellular processes. These include actin-
remodelling, raft-clustering and promoting the interaction between
speciﬁc actin-binding proteins and F-actin (Caroni, 2001; Yin and
Janmey, 2003; McLaughlin and Murray, 2005; Bach et al., 2007). Focal
adhesions (FA) are regions of the cell where F-actin interacts with the
cell membrane, thus promoting the contact of the cell with the
underlying substrate. They are characterised by the presence of
several actin-associated proteins, which include α-actinin-1, talin and
vinculin, and their association with FA is promoted by PIP2 (Corgan et
al., 2004). Furthermore, several FA-associated proteins have been
isolated in lipid-raft membrane preparations (MacLellan et al., 2005).
Therefore, wemonitored changes in the appearance of FA during virus
infection to both verify the increased presence of PIP2 as measured by
the ESI-MS, and to monitor the interaction between actin-associated
proteins and the cell membrane during virus infection. Mock- andvirus-infected cells were stained using anti-α-actinin-1, anti-talin and
anti-vinculin and the distribution of these proteins visualised by
ﬂuorescence microscopy (Fig. 7). In mock-infected cells these proteins
exhibited a prominent punctate staining pattern, which is consistent
with the expected staining pattern expected for FA localised proteins.
We noted an enlargement of this staining pattern for all three proteins
in virus-infected cells, which was consistent with the recruitment of
these proteins into the FA contacts, possibly mediated by increases in
the levels of PIP2 during virus infection.
Although PIP2 plays a regulatory role inmany cell processes, it is also
the substrate for PI3K, which converts PIP2 into PIP3. The results of the
microarray and qPCR analyses showed a signiﬁcant increase in PI3K
mRNA levels in infected cells (Table 2), which coincided with the
formation of virus structures. This is consistent with changes in the
regulation of phosphoinositide metabolism during virus infection,
supporting recent reports suggesting that PI3K activity is stimulated
during RSV infection (Thomas et al., 2002; Bitko et al., 2007).
Infected cells were treated with the speciﬁc PI3K inhibitor
LY294002 at 6 hpi to examine the effect of PI3K activity on virus
Table 4
Effect of RSV infection on the phospholipid fatty acyl composition
M-LR I-LR M-TM I-TM
Zwitterionic lipids (PC, ePC)
Fatty acyl chain length
Short (30–34C) 77.07±3.05 76.58±9.57 62.94±7.27 62.17±7.49
Medium 36–38C) 22.37±2.42 22.89±3.81 35.80±5.30 36.58±5.90
Long (≥40C) 0.56±0.04 0.54±0.05 1.26±0.21 1.25±0.18
Degree of saturation
Saturated 16.81±0.56 17.06±1.35 6.92±0.80 7.47±1.30
Mono-unsaturated 58.46±2.72 57.20±8.28 49.00±5.62 48.88±5.56
Di-unsaturated 20.02±1.77 20.74±3.11 32.28±3.28 32.49±4.77
Poly-unsaturated 4.71±0.45 5.00±0.69 11.80±3.09 11.16±1.93
Anionic lipids (PS, PI, PE, pPE)
Fatty acyl chain length
Short (30–34C) 34.21±1.43 33.52±4.49 21.16±2.94 21.78±2.57
Medium 36–38C) 61.64±3.58 62.56±7.37 73.47±10.85 73.57±10.54
Long (≥40C) 4.14±0.58 3.92±0.55 5.37±1.71 4.66±1.00
Degree of saturation
Saturated 6.43±0.39 6.37±0.88 3.38±0.86 3.62±0.90
Mono-unsaturated 48.34±2.17 50.01±5.71 34.94±4.82 38.52±4.80
Di-unsaturated 27.02±1.48 26.13±3.21 34.31±2.86 33.93±4.60
Poly-unsaturated 18.20±1.54 17.48±2.62 27.35±6.96 23.89±3.81
The acyl chain length and degree of saturation of the lipids in the TM and LR
preparations isolated from mock (M) and (I) infected were quantiﬁed by mass
spectrometry. The standard deviations were the result of n≥3 experiments.
176 D.S.-Y. Yeo et al. / Virology 386 (2009) 168–182maturation (Fig. 8). We noted that infected cells stained with anti-M2-
1 showed the presence of inclusion bodies, which remained similar in
appearance despite the presence or absence of LY294002. In cells
treated with LY294002 and stained with MAb19, we observed a
signiﬁcant reduction in the levels of virus ﬁlaments, compared to non-
treated cells, suggesting impairment in the formation of budding virus.
Furthermore, the reduction in virus ﬁlaments corresponded with
increased levels of internal F protein staining. Our studies suggest a
correlation between increased PI3K expression, increased raft-asso-
ciated phosphorylated-PIP, and virus assembly. Therefore, in a ﬁnal
analysis we used imaging to detect possible associations between RSV,
and either PIP2 or PIP3. Phospholipase C (PLCδ1) and Bruton's tyrosine
kinase (Btk) speciﬁcally interact with PIP2 and PIP3 respectively, via
well deﬁned plextrin homology (PH) domains (Hawkins et al., 2006).
The intracellular pools of PIP2 and PIP3 were detected in situ using
probes inwhich GFP was fused to the PH domains of PLCδ1 (PLCδ1-PH-
GFP) and Btk (Btk-PH-GFP), and these probes have been described
previously (reviewed in Balla and Várnai, 2002).
Cells were either mock- or virus-infected, and at 8 hpi the cells
were transfected with plasmids expressing either PLCδ1-PH-GFP or
Btk-PH-GFP as described in Materials and methods. At 14 h post-
transfection (hpt) the cells were ﬁxed, labelled using speciﬁc RSV
antibodies, and viewed using confocal microscopy (Fig. 9). Mock-
infected cells expressing PLCδ1-PH-GFP exhibited a staining pattern
that was largely restricted to the cell surface, with only low-levels of
cytoplasmic staining being observed (Fig. 9A), suggesting that PIP2
was largely associated with the cell surface membrane. Examination
of these cells at a focal plane that represented the cell surface revealed
a predominantly ﬁlamentous staining pattern that resembled micro-
villi in appearance, and is consistent with the interaction of PIP2 with
microvilli-resident proteins (Sekerková et al., 2006). Although this
general staining patternwas observed in infected cells, we noted a less
predominant PLCδ1-PH-GFP ﬁlamentous staining pattern on the cell
surface of infected cells, suggesting a subtle change in the PIP2
distribution. However, no colocalisation between the virus ﬁlaments
and the surface expressed PLCδ1-PH-GFP was observed. Examination
of the cell interior revealed the appearance of a low level PLCδ1-PH-
GFP staining pattern that appeared to colocalise with the virus
inclusion bodies (Fig. 9A, highlighted by ⁎), suggesting the presence of
PIP2 in these virus structures. In transfected cells expressing Btk-PH-
GFP, the general staining patternwas different to that observed in cellsexpressing PLCδ1-PH-GFP. In mock-infected cells a weak cytoplasmic
staining and a relatively strong nuclear stainingwas observed (Figs. 9B
and C), which was similar to that seen in cells with low levels of PI3K
activity (Várnai et al., 1999). Infected cells exhibited this general
staining pattern, but we also observed an additional stronger staining
pattern that appeared to concentrate in the cytoplasm, and which
colocalised with the virus inclusion bodies (Fig. 9B, highlighted by ⁎).
This suggested the presence of PIP3 in the virus inclusion bodies, and
was consistent with an increased synthesis of PIP3 during virus
infection. Again, no evidence was found for a colocalisation between
Btk-PH-GFP and the virus ﬁlaments (Li and Sugrue, unpublished
observations). We noted that the level of inclusion body staining was
greater in Btk-PH-GFP expressing infected cells compared to PLCδ1-
PH-GFP expressing infected cells, which may indicate increased PIP3
levels compared to PIP2 levels.
Virus-infected cells expressing these lipid probes were treated
with LY294002 at 6 hpt, and its effect on the distribution of PLCδ1-PH-
GFP or Btk-PH-GFP examined (Fig. 9D). In LY294002-treated infected
cells expressing Btk-PH-GFP we noted that the inclusion body
associated Btk-PH-GFP staining pattern was not observed. This drug
had no effect on the associated staining pattern in cells expressing
PLCδ1-PH-GFP, where the inclusion body staining pattern appeared to
be slightly enhanced, which is presumably due to increased levels of
PIP2 following the inhibition of PI3K. These observations provide
additional evidence that the Btk-PH-GFP staining pattern was due to
increased PI3K activity during virus infection. Taken together, these
microscopic observations are consistent with increased levels of PIP2
and PIP3 during virus infection, and correlate with increased levels of
phosphorylated PI in the LR preparation that was detected using ESI-
MS. We noted that transfected and non-transfected infected cells
exhibited antibody staining patterns that were indistinguishable
when viewed by confocal microscopy, suggesting that the transfection
procedure had no adverse effect on the infection process, and the
inclusion bodies and virus ﬁlaments were not labelled in infected cells
expressing GFP only (Yeo, Li and Sugrue, unpublished observations).
Taken together, these data suggest that virus infection induces
increased levels of raft-associated PIP3, which in turn is required for
the formation of virus ﬁlaments, and hence the maturation of RSV on
the surface of infected cells. This is consistent with previous data
showing that PIP3 may play an important role in RSV maturation, and
in the formation for virus ﬁlaments (Thomas et al., 2002; Bitko et al.,
2007; Jeffree et al 2007).
Although several reports have supported the view that lipid raft
membranes play an important function during the RSV assembly
process, the precise role that they play in this process is unclear. The
biochemical characterisation of these lipid structures in RSV-infected
cells is a prerequisite to understanding their role during virus
maturation. It is also currently unclear if the virus-associated lipid
raft microdomains exist prior to virus assembly, or if they form in
response to the infection process. Several studies have provided
evidence that lipid raft formation is orchestrated by F-actin, a process
referred to as “raft-clustering” (Föger et al., 2001; Villalba et al., 2001).
Our data provides the ﬁrst experimental evidence that RSV morpho-
genesis coincides with the changes in the lipid composition of these
microdomains in infected cells. Previous reports have suggested that
RSV infection induces structural changes in the F-actin network, and
an involvement of F-actin in the assembly process has been suggested
(Ulloa et al., 1998; Burke et al., 1998; Gower et al., 2001; Kallewaard et
al., 2005; Santangelo and Bao, 2007; Jeffree et al., 2007), but it is not
clear if the changes in lipid proﬁle that we observed weremediated by
structural changes in the F-actin network. However, irrespective of the
molecular mechanism that causes these changes in lipid proﬁle,
previous studies have suggested that at least two of these raft-
associated lipids, cholesterol and PIP3, may play an important role in
RSV morphogenesis. Although cholesterol appears to be essential for
the formation of infectious virus, our analysis indicated that the levels
Fig. 7. RSV infection results in the recruitment of proteins into focal adhesions (FA). Mock- or RSV-infected cells were stained with antibodies against the FA resident proteins α-
actinin-1, vinculin or talin. The cells were then examined by ﬂuorescencemicroscopy. The presences of the focal adhesions are indicated (white arrow), and the enlargement of the FA
in the infected cells is also highlighted (⁎).
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virus infection. However, small changes in the levels of raft-associated
cholesterol have been shown to alter cellular processes that may be
important during virus maturation (e.g. actin dynamics; Chadda et al.,
2007). This therefore suggests that although cholesterol may be an
important structural component in the envelope of mature RSV,
changes in the cholesterol levels within the cell may regulate cellular
processes that are involved in the formation of progeny virus. The
signalling lipid PIP3 accumulates in the inclusion bodies and the
inhibition of PI3K during virus infection interferes with virus ﬁlament
formation, and decreases the levels of virus release (Bitko et al., 2007;
Jeffree et al., 2007). PIP2 and PIP3 are able to bind to, and subsequently
activate, several down-stream effectors proteins, a list that includes
protein kinase B and Btk. Many of these effectors interact with actin
and actin-binding proteins, suggesting that a subtle interplay between
lipid raft membranes and actin network may occur during RSV
assembly. For example, F-actin is involved in the transport of virus
RNPs to the sites of virus assembly, and it has recently been proposed
that an actin-binding molecular motor myosin 5a may play a direct
role in this process (Santangelo and Bao, 2007). Although the
molecular mechanisms involved in RSV maturation have yet to be
elucidated, myosin 5a is primarily involved in trafﬁcking of several
host cell proteins to the cell surface, and that its phosphorylation by
Akt (a down-stream effector of PI3K) is required for both the
interaction of myosin 5a with actin, and its associated transport
functions (Yoshizaki et al., 2007). Taken together, these observations
suggest that virus infection results in changes in the levels of speciﬁc
raft lipids, which may in turn elicit changes in cell physiology that are
required for RSV morphogenesis.
It should be noted that virus-induced changes in the composition of
lipid raft membranes is not unique to RSV. For example, recent reports
have demonstrated that the HIV-1 nef protein is able to regulate the
lipid composition of lipid raft membranes (Brügger et al., 2007), and a
role for lipids in promoting the association of virus proteins with lipid
rafts has been demonstrated e.g. the HIV-1 gag55 protein (Ono et al.,
2004; Saad et al., 2006; Chukkapalli et al., 2008). By analogy withHIV-1, it is currently unclear if one ormore speciﬁc RSV proteins is able
to regulate the structure of these membrane microdomains, or if the
presence of one or more speciﬁc lipids is able to mediate the raft-
association of one ormore virus structural proteins. However, our data
demonstrates that lipid raft structures are altered during virus
infection, and that some of these changes may play a role in RSV
maturation (e.g. PIP3). The molecular mechanisms that mediate these
changes are currently unknown, and the identiﬁcation of cues and
signals thatmaymediate the association of RSV proteins with lipid raft
microdomains will need to be elucidated.
Materials and methods
Cells and viruses
The RSV A2 strainwas used throughout this study. HEp2 cells were
maintained in Dulbecco's Modiﬁed Eagle's Medium (DMEM) supple-
mented with 10% foetal calf serum (FCS) and antibiotics.
Antibodies and speciﬁc reagents
Anti-RSV (RCL3) was purchased from Novacastra Laboratories and
MAb19 (anti-F) was obtained from Geraldine Taylor (IAH, UK). Anti-N
and anti-M2-1 have been describedpreviously (McDonald et al., 2004).
Anti-actin was purchased from Sigma Aldrich, and anti-α-actinin-1,
anti-GM130. Anti-vinculin and anti-caveolin was purchased from
Santa Cruz Laboratories, while anti-tansferrin receptor was purchased
from Zymed laboratories. The lipid-free FCS, methyl-β-cyclodextrin,
and ﬁlipin were purchased from Sigma Aldrich. Phalloidin-FITC was
purchased fromSigmaAldrich. The plasmids expressing PLCδ1-PH-GFP
and Btk-PH-GFP were obtained from Tamas Balla. (NIH, USA).
Preparation of membrane fractions from HEp2 cells
Membranes were essentially prepared as described previously
(McDonald et al., 2004). Cell sheets were washed twice with TM
Fig. 8. The effect of PIP3 on progeny virus formation. Virus-infected cells either non-treated (−Ly) or treated (+Ly) with 50 μM LY294002 from 6 hpi. At 18 hpi the cells were ﬁxed and
stained with either anti-F or antiM2-1. The labelled cells were examined by confocal microscopy and images obtained that represent mainly the interior (int) of the cell or the cell
surface (sur). The inclusion bodies (IB), virus ﬁlaments (VF) and internal F protein staining pattern (⁎⁎) are highlighted.
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scraped into TM buffer supplemented with an EDTA-free protease-
inhibitor mixture (Roche Molecular Biochemicals), and Dounce
homogenized (80 strokes). Unbroken cells and nuclei were removed
by centrifugation at 1000 g for 5 min. The supernatant was again
centrifuged at 1000 g for 10 min after which the supernatant was
centrifuged at 45,000 g for 20 min to pellet the cell membranes,
which were thenwashed in TM buffer. The membrane pellet was then
resuspended in TM buffer and the membrane again recovered by
centrifugation (referred to as the TM preparation). The membrane
pellet was then drained and resuspended at 4 °C in 1.5 ml TNE
containing 1% Triton X-100 by using a dounce-homogenizer, and
incubated for a further 1.5 h at 4 °C with occasional homogenisation.
The homogenate was added to an equal volume of 80% (w/v) sucrose
in 10 mM Tris/HCl, pH 7·4; 150 mM NaCl; 1 mM EDTA (TNE) and
placed at the bottom of a centrifuge tube and then overlaidsuccessively with 7 ml 35% sucrose and 2 ml 5% sucrose (in TNE).
The raft-fractions were visualised in the polyallomer centrifuge tube
with the aid of a focused light beam, and the single opalescent band,
corresponding to the lipid-raft fraction was harvested. The raft
membrane fraction was then diluted 1/10 using TNE, and recovered
by centrifugation at 210,000 g for 18 h at 4 °C (referred to as the LR
preparation).
Methyl-β-cyclodextrin treatment
HEp2 cells on 13 mm glass coverslips were infected with RSV in
DMEM (2% lipid free FCS) at an and at 5 hpi the cells were either left
untreated, or treated with methyl-β-cyclodextrin (10 mM ﬁnal
concentration) for 1 h. In both cases the medium was replaced with
fresh medium and the infection continued. At 18 hpi the cells were
processed for ﬂuorescence microscopy.
Fig. 9. The association of PIP2 and PIP3 with RSV. (A) Mock or virus-infected cells were transfected with a plasmid expressing PLCδ1-PH-GFP, stained with anti-RSV, and viewed at an
optical plane that represents either the cell interior (int) of cell surface (sur). The virus ﬁlaments (VF) and the PLCδ1-PH-GFP surface staining patterns (thick arrow) are highlighted. (B)
Mock or virus-infected cells transfected with a plasmid expressing BtK-PH-GFP and labelled with anti-M2. (C) Side proﬁle of infected cells expressing BtK-PH-GFP and labelled with
anti-M2-1. (D) Virus-infected cells expressing BtK-PH-GFP or PLCδ1-PH-GFP that were treated with 50 μM LY294002. In all cases the inclusion bodies (IB) are highlighted. Insets show
an enlarged view of an inclusion body (⁎), showing the antibody and PIP2 or PIP3 staining pattern, N is nuclear staining that is observed in BtK-PH-GFP expressing cells.
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HEp2 cells were either mock-infected or infected with RSV and at
8 hpi the cells were transfectedwith 0.8 μg of either pPLCδ1-PH-GFP or
pBtK-PH-GFP using lipofectamine (Invitrogen) according to the
manufacturer's instructions. After 6 h post-transfection, the transfec-
tion reagent was removed and the cells washed with fresh medium
(DMEM+2%FCS). The cells were then incubated for a further 14 h in
fresh medium, after which they were ﬁxed, labelled using speciﬁc RSV
antibodies, and examined by confocal microscopy.
Microarray and data analysis
Human genome-wide gene expression was examined with the
GeneChip HG-U133 Plus 2.0 Array (Affymetrix), which is composed
of more than 54,000 probe sets comprising of more than 38,000
well-characterised human genes. Quality control, GeneChip hybridi-
zation and data acquisition were performed according to the
standard protocols available from Affymetrix. In brief, mock-infected
and RSV-infected HEp2 cells were harvested in the cold with the use
of RNAlater (Ambion) together with PBS buffer. Triplicates of each set
were carried out. Total RNA was extracted using the RNeasy minikit
(Qiagen) and quantiﬁed. Double-stranded cDNA was synthesizedfrom 3 μg of total RNA with the GeneChip One-Cycle cDNA synthesis
kit (Invitrogen, Affymetrix), followed by synthesis of biotin-labeled
cRNA using the GeneChip IVT labeling kit (Affymetrix). After
fragmentation, 15 μg of labeled cRNA was hybridized to the
oligonucleotide microarray. The chips were washed and stained
using the GeneChip Fluidics Station 450 (Affymetrix) and scanned
with the GeneChip scanner 3000 (Affymetrix). Normalization using a
global scaling strategy to a target intensity of 500 was ﬁrst
performed using GCOS (v1.1, Affymetrix) before uploading the .CHP
data ﬁle into GeneSpring GX 7.3.1 (Agilent) for data analysis. Further
normalizations were carried out in GeneSpring: (a) per chip
normalization to the 50th percentile and (b) per gene normalization
where RSV-infected samples were normalized to mock-infected
samples. Genes were selected for statistical analysis according to the
following criteria: (i) only genes that were ﬂagged as present in at
least one sample (mock- or RSV-infected), and (ii) a fold change of ≥2
or ≤−2 between RSV- and mock-infected sample in all triplicate
microarray experiments. Finally, a one-way analysis of variance
(ANOVA) of the above selected genes was performed with a P-value
cutoff of b0.05 to determine signiﬁcantly up- and down-regulated
genes during RSV-infection. The function, biological processes and
pathways of these genes were then examined in GeneSpring GX
(Agilent).
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Results obtained bymicroarray analysis were validated for selected
actin- and cytoskeleton-related genes by real-time quantitative (RT-
PCR) on a LightCycler 1.5 Instrument (Roche Applied Science). Primers
and probes were designed by the Roche Universal Probe Library (UPL)
assay design centre and shown in Table 1. RT-PCR reactions were
carried out using the SuperScript One-Step RT-PCR kit (Invitrogen)
with 2 μl of total RNA, 0.5 μMof the primers (forward and reverse) and
0.2 μM of the UPL probe for each gene. Reverse transcription was
carried at 50 °C for 20 min, followed by an initial denaturation step of
2.5 min at 95 °C, and 50 cycles of 94 °C denaturation for 0 s, 50 °C
annealing for 20 s and 72 °C elongation for 5 s. Threshold cycle (Ct)
values were derived from the LightCycler software and used to plot
the standard curves and determine relative expression values. The
relative expression in mock-infected and RSV-infected cells at 15 hpi
was calculated and expressed as fold change using the relative
standard curve method. The housekeeping gene GADPH was used for
normalization of the RNA content of each sample. Quantitative RT-PCR
was performed on samples from 2 independent experiments.
Lipidomic analysis
Lipid extraction
Prior to lipid extraction, the samples were spiked with a cocktail of
internal standards to facilitate quantitative measurements via ESI-MS.
This cocktail of internal standards included 1,2-Dimyristoyl-Glycero-
Phosphoserine (DMPS), 1,2-Dimyristoyl-Glycero-3-Phosphoethanola-
mine (DMPE), 1,2-Dimyristoyl-Glycero-3-Phosphocholine (DMPC),
Lauroyl Sphingomyelin (L-SM), N-Heptadecanoyl-D-erythro-Sphingo-
sine (C17 Ceramide) and D-Glucosyl-β1-1′-N-Octanoyl-D-erythro-
Sphingosine (C8 Glucosyl Ceramide) (Avanti Polar Lipids, Alabaster
AL) which allowed the measurement of PS, PE and pl-PE, PC and e-PC,
SM, Cer and Glu-Cer respectively. In addition, 1,2-Dioctanoyl-Glycero-
3-Phosphoinositol (C8-PI) (Echelon Biosciences Inc, Salt Lake City, UT)
was used as a reference for PI, while PIP and PIP2 were referenced to
endogenous PI levels.
The lipid membrane preparations were extracted separately for
total lipid (covering most lipids except phosphoinositides), phosphoi-
nositides (PIPn) and sphingolipids as described previously (Chan et al.,
submitted for publication). For total lipid extraction, 0.6 ml of a
chloroform:methanol (1:2) mix was added to the sample, vortexed,
followed by addition of 0.3 ml chloroform and 0.2 ml 1 M KCl and
more vortexing. The mixture was then centrifuged for 2 min at
9000 rpm to cause phase separation. The lower organic layer was
collected and dried using a speed vacuum. PIPn enriched lipid samples
were prepared by replacing KCl with 1 M HCl solution. Sphingolipid
samples were prepared ﬁrst adding 0.75 ml of chloroform:methanol
(1:2) followed by overnight incubation at 48 °C. Alkaline hydrolysis of
glycerophospholipids was carried out by adding 75 μl of 1 M KOH in
methanol, and incubating for 2 h at 37 °C. The sample was then
neutralized with 6 μl of glacial acetic acid. Lastly, 0.5 ml of chloroform
and 0.3 ml of water was added to the tube and the mixture was then
centrifuged for 2 min at 9000 rpm to separate the phases. The lower
organic layer was collected and dried as above.
Lipid composition analysis
Qualitative lipid proﬁling via electrospray ionization mass spectro-
metry (ESI-MS) was carried out with a Waters Micromass Q-TOF
micromass spectrometer with an upfront Waters CapLC inlet (Waters
Corp., Milford, MA) as described previously (Shui et al., 2007) The
capillary voltage and sample cone voltage were maintained at 3.0 kV
and 50 V, respectively. The source temperature was 80 °C, and the
desolvation temperature was set at 250 °C. Mass spectra were acquired
in the negative ionmodewith an acquisition timeof 3min. Chloroform–
methanol (1:1, vol/vol) at aﬂow rate of 15 μl/minwas used as themobilephase. Typically, samples were dissolved in the mobile phase to give an
appropriate concentration and 2 μl of sample was injected for analysis.
For quantitative analysis, we used a triple quadrupole instrument
ABI 4000QT (Applied Biosystems, Foster City CA) in the multiple
reactions monitoring (MRM) mode. This method is optimized to
detect only speciﬁed ions of interest, thus increasing sensitivity and
selectivity of detection. The m/z transitions used were published
previously (Brugger et al., 1997; Wenk et al., 2004; Merrill et al., 2005)
and we optimized the declustering potential and collision energy
using the Quantitative Optimization function available on the Analyst
1.4.1 software. The total lipid and sphingolipid extracts were dissolved
in chloroform:methanol (1:1, vol/vol) and typically, 10 to 15 μl of the
sample was injected via autosampler. For the phosphoinositide
samples, the lipids were dissolved in chloroform–methanol 1:1,
spiked with 10% 300 ppm piperidine solution and directly infused
into the mass spectrometer (Wenk et al., 2003). The signal intensity
obtained for each lipid species was converted to their mol level in each
fraction by normalization to the appropriate internal standard. The
ﬁnal lipid molar percentages of each sample were obtained by cross
normalizing the lipid levels of each fraction measured (Ivanova et al.,
2001). The standard deviations shown represent the differences in at
least 3 sets of repeats being carried out, i.e. n≥3.
For the measurement of cholesterol, we employed an ABI 3200QT
connected with a high performance liquid chromatography (HPLC)
system using a sensitive HPLC/ESI-MSmethod (Shui G et al., manuscript
in preparation). Brieﬂy, lipids were separated on an Agilent Zorbax
Eclipse XDB-C18 column (i.d. 4.6×150mm) (Agilent Technologies, Santa
Clara CA) at 30 °C using chloroform:methanol:0.1MNH4OAC (100:100:4
vol/vol/wt) as a mobile phase at a ﬂow rate of 0.4 mL min−1 and an
injection volume of 30ml. Mass spectrometry datawas recorded at both
positive and negative ESI modes in Q3 scan mode with Turbo spray
source voltage of +5000 V and −4500 V respectively and a source
temperature of 250 °C. In the Q3 mode, we specify the m/z values of the
lipids of interest and measure the output intensity at those values. A
total run time of 30 min was utilized to elute both polar lipids and
neutral lipids. Due to the lack of relevant internal standards for the
neutral lipids, the intensity each class of neutral lipids obtained was
normalized to the total Q3 signal intensity produced from each analysis.
Electron microscopy
A droplet of the lipid raft fraction was placed on a formvar-coated
grid for 10 min and stained with uranyl acetate (saturated in 50:50
ethanol/water) and lead citrate as described previously (Brown et al.,
2002a). Specimens were viewed in a Jeol 1200EX electronmicroscope.
Confocal microscopy
Cells on 13 mm glass coverslips were ﬁxed with 3% paraformalde-
hyde (PFA) in PBS for 30min at 4 °C, permeabilised using 0.1% saponin,
and labelled using virus speciﬁc primary antibodies and the appro-
priate secondary antibodies (conjugated to either FITC and cy5) as
described previously (Brown et al., 2002a). Intracellular cholesterol
was viewed using ﬁlipin. A stock ﬁlipin solution was prepared in
DMSO (25 mg/ml) and diluted 1:500 in PBS prior to use. The labelled
cells were viewed without permeabilisation. In all cases the cells were
mounted on slides using Citiﬂuor and visualized in a Zeiss Axioplan 2
confocal microscope using appropriate machine settings, and the
images processed. The measurements of colocalisation were deter-
mined by the Pearson's correlation coefﬁcient and Mander's overlap
coefﬁcient using the LSM 510 v2.01 software.
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